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PCoronary Artery Disease
eterminants of Coronary Steal
n Chronic Total Coronary Occlusions
onor Artery, Collateral, and Microvascular Resistance
erald S. Werner, MD,* Michael Fritzenwanger, MD,* Dirk Prochnau, MD,* Gero Schwarz, MD,*
arkus Ferrari, MD,* Wilbert Aarnoudse, MD,† Nico H. J. Pijls, MD, PHD,† Hans R. Figulla, MD*
ena, Germany; and Eindhoven, the Netherlands
OBJECTIVES We aimed to assess the mechanisms of coronary steal by direct hemodynamic measurements
of the collateral circulation in chronic total coronary occlusions (CTO).
BACKGROUND Coronary steal may cause ischemia despite well-developed collaterals in coronary artery
disease.
METHODS Fifty-six patients were studied during recanalization of a CTO. Before recanalization, the
fractional flow reserve in the donor artery (FFRD) at the takeoff of the collaterals and the
coronary flow reserve were recorded. After crossing the occlusion, the distal coronary flow velocity
was measured by a Doppler wire (APVOccl), and distal pressure by a pressure wire. Changes of
these parameters were assessed during intravenous adenosine (140g/kg/min). Resistance indexes
for the donor artery (RD), collaterals (RC), and microcirculation (RP) were calculated.
RESULTS Adenosine caused a decrease of APVOccl (i.e., coronary steal, in 26 patients [group S], an
increase in 19 patients [group R], and no change in 11 patients). The FFRD was lower in
group S. RD and RC increased in group S, while RD did not change significantly and RC
decreased in group R. Patients with steal had more severe regional dysfunction. Patients with
steal but without an FFRD 0.8 tended to have an impaired microvascular function.
CONCLUSIONS We could demonstrate that coronary steal in man is mainly due to a hemodynamically
significant donor artery lesion, but can also occur due to an impaired vasodilatory reserve of
the microcirculation in the absence of a donor artery lesion. Coronary steal may have an
adverse influence on the preservation of myocardial function by collaterals. (J Am Coll
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.11.093Cardiol 2006;48:51–8) © 2006 by the American College of Cardiology Foundation
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on patients with collateral-dependent blood supply, micro-
ascular vasodilation during exercise or pharmacological
timulation may lead to a decrease of blood flow via
ollaterals. This has been studied as coronary steal in animal
xperiments and in man (1–9). Gould et al. specified three
ssumptions required for the occurrence of steal in man: 1)
he epicardial resistance of the donor artery causes a pressure
rop proximal to the collateral origin during adenosine-
duced hyperemic flow; 2) the collateral resistance is not
See page 66
egligible; and 3) the microvasculature distal to the occlu-
ion, being already maximally dilated, lacks a vasodilatory
eserve (6,7,10). The direct assessment of collateral circula-
ion in man has now become possible with microsensors to
ecord intracoronary flow velocity and pressure during
oronary angioplasty (11–13).
We recently assessed the collateral circulation of patients
ith a chronic total coronary occlusion (CTO) during
denosine-induced vasodilation. About one-third of patients
From the *Clinic for Internal Medicine I, Friedrich-Schiller-University Jena, Jena,
ermany; and the †Department of Cardiology, Catharina Hospital, Eindhoven, the
etherlands.a
Manuscript received August 17, 2005; revised manuscript received November 21,
005, accepted November 28, 2005.howed coronary steal associated with an increase in collateral
athway resistance and impaired microvascular vasodilation of
he collateral-dependent myocardium. In contrast, collateral
athway resistance remained unchanged and microvascular
esistance decreased in patients without steal (14). How-
ver, the question remained to what extent the epicardial
esistance of the collateral donor artery and the balance
etween donor and recipient microvasculature deter-
ined coronary steal. Our experimental protocol should
est the hypothesis that the phenomenon of coronary
teal required either a hemodynamically significant donor
rtery lesion and/or an impaired vasodilatory response of
he recipient microcirculation.
ETHODS
atients. This study consisted of 56 patients with success-
ul recanalization of a CTO and the following inclusion
riteria: 1) duration of the occlusion 4 weeks; 2) Throm-
olysis In Myocardial Infarction (TIMI) coronary flow
rade 0; 3) spontaneously visible collaterals of grade 2
partial epicardial filling of the occluded artery) or 3 (com-
lete epicardial filling of the occluded artery) (15); 4)
resence of only one principal collateral supply from only
ne major donor artery channel as shown by diagnostic
ngiography (16); and 5) written informed consent. We
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Mechanism of Coronary Steal in Man July 4, 2006:51–8xcluded patients with large-sized collaterals as they have a
ow likelihood of coronary steal (14). Finally, a patient was
ncluded only if the occlusion could be crossed by an
ver-the-wire probing catheter to perform the recordings
escribed below without predilation. The study patients
ere recruited from 153 consecutive patients with a success-
ully recanalized CTO between March 2002 and December
004. The study protocol had been approved by the univer-
ity ethics committee.
tudy protocol overview. The protocol was designed to
ssess various physiologic parameters from the collateral
onor and recipient coronary segments as summarized in
igure 1. The sequence of procedural steps was as follows:
) recording of fractional flow reserve (FFRD) at the origin
f the collateral in the donor artery; 2) recording of the
oronary flow reserve (CFRD) in the donor artery; 3) recana-
ization of the CTO and recording of the collateral pressure
Abbreviations and Acronyms
APVOccl  average peak velocity distal to the occlusion
CFR  coronary flow reserve
CTO  chronic total coronary occlusion
FFRD  fractional flow reserve in the donor artery at
collateral takeoff
LV  left ventricle/ventricular
PAo  mean aortic pressure
PD  mean pressure in the donor artery at
collateral takeoff
POccl  mean pressure distal to the occlusion
PRA  mean right atrial pressure
RC  collateral resistance index
RCP  collateral pathway resistance index
RD  donor artery epicardial resistance index
RP  peripheral myocardial resistance index
TIMI  Thrombolysis In Myocardial Infarction
igure 1. Schematic presentation of the electric analog model of coronary a
etup (right). Mean aortic pressure (PAo) is recorded via the guiding cathe
efore recanalization, as well as the coronary flow reserve (CFR)D in the
ecorded distal to the occlusion before balloon dilatation, and CFRR in the
ROccl) is infinitesimal, and resistance indexes are calculated to describe the donor
o the occlusion (RP). PRA  mean right atrial pressure.nd flow velocity before and 4) during intravenous adenosine;
nd 5) recording of the CFRR in the recanalized artery at
he end of the procedure.
rotocol procedures. First, a 5-F catheter was inserted via
femoral vein and advanced to the right atrium to record
ean right atrial pressure (PRA). This catheter also served as
entral venous line. Then the donor artery was visualized by
6-F guiding catheter, and a pressure wire (PressureWire,
ADI Medical Systems, Uppsala, Sweden) was advanced
nto artery. The pressure sensor was positioned exactly at the
akeoff of the collateral, and the local pressure (PD) together
ith the mean aortic root pressure (PAo) were recorded
uring 3 min of maximum peripheral vasodilation induced
y central venous infusion of adenosine (140 g/kg/min).
he pressure difference along the epicardial donor artery
egment was measured as: PAo  PD. Before and during
denosine infusion, PRA was recorded. The FFRD was
alculated as: (PD  PRA)/(PAo  PRA) (17,18). After
topping adenosine and returning to baseline pressures, the
ire was advanced further distal into the donor artery in
rder to assess the CFRD using the recently described and
alidated thermodilution method (19,20). In short, the
ransit time of increase of temperature at the distal sensor of
he pressure wire after a bolus injection of 3 cc saline into
he guiding catheter was measured before and during
dministration of intravenous adenosine. Measurements
ere averaged from three injections each, and the ratio of
ransit times before and during adenosine yielded the CFRD
f the donor artery. The variability of the measurement is
etween 8% and 17% and correlates well with CFR by
oppler (19,20).
Then the recanalization procedure commenced as de-
cribed in detail before (21,22). After the lesion was crossed
y a wire, an over-the-wire support catheter (Transit,
llateral circulation (left; adapted from reference 7), and of the experimental
ressure at the takeoff of the collateral in the donor artery (PD) is recorded
artery. Collateral blood flow velocity (APVOccl) and pressure (POccl) are
nalized artery at the end of the procedure. The resistance of the occlusionnd co
ter. P
donor
reca
(RD) and collateral resistance (RC), and the microvascular resistance distal
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July 4, 2006:51–8 Mechanism of Coronary Steal in Manordis, Miami, Florida; or 0.014-inch support catheter,
pectranetics, Colorado Springs, Colorado) was advanced
istal to the occlusion. The guide wire was exchanged for a
ressure wire. The distal coronary pressure (POccl) was
ecorded together with PAo and PRA.
The pressure wire was then exchanged for the Doppler
ire (FloWire, Vulcano Therapeutics, Rancho Cordova,
alifornia). An unaccounted contribution of antegrade flow
long the support catheter was ruled out in all patients by
ack of contrast passage along the probing catheter during
roximal contrast injection into the occluded artery
ithout affecting the distal Doppler signal. All Doppler
ow signals were measured manually as previously de-
cribed (21). The velocity integral during systole and
iastole, and the duration of systole and diastole were
easured to calculate the average peak velocity (APV).
After achieving a stable Doppler signal for at least 1 min,
he adenosine infusion via the central venous line was
tarted with the Doppler wire kept in a constant position
fter the baseline measurement. The APVOccl was recorded
ntil 3 min after the start of the adenosine infusion. Then,
uring continuing infusion, the Doppler wire was ex-
hanged for the pressure wire again, and POccl, PAo, and
RA were obtained. Then the adenosine infusion was
topped with POccl and PAo recorded until they had returned
o their baseline values. The pressure difference along the
ollateral segment was calculated as PD  POccl.
Then the recanalization commenced with balloon dilata-
ion and stent implantation. After achieving TIMI flow
rade 3 with 15% angiographic residual stenosis, the
oppler wire was reintroduced into the recanalized artery.
t least 20 min had passed after the last balloon dilation
efore the CFRR of the recipient myocardium was recorded
s the ratio of hyperemic APV, induced by administration of
denosine infusion, and baseline APV.
alculation of hemodynamic indexes. Mean pressures
ere used for computation. A collateral pressure index was
alculated as the ratio of (POccl  PRA)/(PAo  PRA) (23).
igure 2. (A) Changes of collateral blood flow velocity distal to the occlusio
, left), an increase 15% indicated a positive collateral flow reserve (group R, r
B) Distribution of the collateral flow reserve during adenosine infusion.uring hyperemia this index is equivalent to the fractional
ollateral flow reserve (13,17). The peripheral resistance
ndex of the occluded myocardial territory was calculated as:
P  POccl/APVOccl [mm Hg · cm
1 · s1] (24–26). The
esistance index of the collateral supply pathway (epicardial
onor artery  collateral proper) was calculated as:
CP  (PAo  POccl)/APVOccl [mm Hg · cm
1 · s1], in-
orporating both the resistance of the collateral vessel and of
he donor segment proximal to the collateral takeoff (14). The
esistance of the collateral proper was calculated as: RC 
PD  POccl)/APVOccl [mm Hg · cm
1 · s1], and the resis-
ance of the epicardial donor artery segment RD is the
ifference of RCP and RC.
As the donor artery and collateral pressure recordings
ere done at different times during the procedure, we had to
ccount for variations in PAo. The mean difference of PAo
etween recordings was 2  11 mm Hg before, and 4  13
m Hg during adenosine. Given the constant ratio of the
istal to aortic pressure in the donor artery during maximum
asodilation (17), we corrected by a factor based on the
ifference of PAo at the two time points.
tudy groups. The collateral flow reserve was calculated as
he ratio of APVOccl during adenosine infusion and APVOccl
efore adenosine. Taking into account the spontaneous vari-
bility of the Doppler collateral signal of 15% during contin-
ous analysis (14), a change of the collateral flow reserve15%
as considered significant. A drop of the CFR 0.85 repre-
enting “coronary steal” was observed in 26 patients (group S),
n increase 1.15 was observed in 19 patients (group R), and
o significant change in 11 patients (Fig. 2). For further
nalysis, only groups S and R were compared.
eft ventricular (LV) quantitative analysis. Biplane LV
ngiograms were obtained in all patients during the baseline
iagnostic procedure, and repeated at follow-up. Left ven-
ricular function was analyzed by a dedicated software (LVA
.0, Pie Medical Imaging, Maastricht, the Netherlands).
he LV ejection fraction was calculated, and the regional
all motion analysis based on the centerline method mea-
ng adenosine infusion. A decrease of15% indicated coronary steal (groupn duri
ight). Patients with no response beyond 15% are shown in the middle.
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Mechanism of Coronary Steal in Man July 4, 2006:51–8ured the wall motion severity index (standard deviation/
hord) and the extent of wall motion abnormality (number
f chords) in the territory of the recanalized artery (27).
tatistics. Data are given as mean  SD. Comparisons of
ontinuous variables between patients with and without
oronary steal were done by a t test. Categorical variables
ere compared by a chi-square test. Repeated measures
nalysis of variance was used to compare parameter changes
uring adenosine infusion between groups, and a paired
test to compare changes within a group. The correlation
etween two parameters was assessed by linear regression
nalysis. A p  0.05 was considered significant. All calcu-
ations were done on a PC with SPSS for Windows (version
1.5, SPSS Inc., Chicago, Illinois).
ESULTS
linical variables. There were no significant differences in
ardiovascular risk factors with a high prevalence of diabe-
es, hypertension, and hypercholesterolemia in both groups
Table 1). Patients in group S had more extensive coronary
rtery disease, and more frequently a significant donor artery
tenosis (70% diameter stenosis), but in 69% of patients
ith coronary steal such a lesion was not visible on angiog-
able 1. Clinical Characteristics of Patients With CTOs and
resence or Absence of Coronary Steal
Group S Group R
p
Value
umber 26 19
ge (yrs) 63.0  10.4 63.9  8.4 0.77
en (%) 69 68 0.95
ngina pectoris (CCS 0–4) (%) 4/8/31/57/0 0/6/26/68/0 0.78
eart failure (NYHA 0–4) (%) 0/38/42/20/0 0/58/32/10/0 0.42
iabetes (%) 25 32 0.28
ypertension (%) 89 95 0.47
urrent smoker (%) 23 16 0.55
ypercholesterolemia (%) 81 68 0.34
ata are given as percentage.
CCS  Canadian Cardiovascular Society classification of chest pain; CTO 
hronic total coronary occulusion; NYHA  New York Heart Association functional
lassification of heart failure.
Table 2. Angiographic and Hemodynamic Ch
or Absence of Coronary Steal
Number
Number of diseased arteries
Occluded vessel (right/CX/LAD) (%)
Significant donor artery stenosis (%)
Duration of occlusion 3 months (%)
Prior Q-wave myocardial infarction (%)
Regional dysfunction (%)
Wall motion severity index (SD/chord)
Wall motion extension (chords)
Ejection fraction (%)
LVEDP (mm Hg)
Collateral filling grade (Rentrop 2/3)
Data are given as percentage.
CTO chronic total coronary occlusion; CX circumflex; LAD
ventricular end-diastolic pressure.aphy (Table 2). They had more pronounced regional LV
ysfunction as compared with group R. No difference in
ngiographic grading of collaterals was observed. Symptoms
f angina during adenosine infusion tended to be more
requent in group S than group R (62% vs. 37%; p  0.09).
ollateral function at baseline and during adenosine
nfusion. There were no significant differences in collateral
ow velocity pattern and distal collateral pressure between
roups S and R before adenosine infusion (Table 3). Based
n the criteria for study group definition, adenosine infusion
ed to a decrease of APVOccl in group S and an increase in
roup R (Fig. 2), while POccl decreased in both groups.
onor artery resistance. The pressure gradient from the
stium to the collateral takeoff within the donor artery was
ignificantly higher in group S as compared with group R
Table 3). During adenosine, this gradient increased only in
roup S, and, thus, the FFRD in the donor artery was lower
han in group R (Fig. 3). Only 1 patient (5%) in group R
ad an FFR 0.75, while this was observed in 38% of
atients in group S. Even in the 37 patients without an
ngiographically visible donor artery lesion, the FFRD was
till lower in group S than in group R (0.82  0.11 vs.
.90  0.09; p  0.02). The resistance of the donor artery
egment (RD) was higher in group S than in group R and
ncreased further during adenosine (Table 3, Fig. 4).
ollateral resistance. The pressure drop along the collat-
ral proper was similar in both groups and did not change
uring adenosine infusion (Table 3), but due to the differ-
ntial changes of APVOccl the collateral resistance increased
n group S and decreased in group R (Fig. 4).
icrovascular resistance distal to the occlusion. The
icrovascular resistance (RP) was already slightly lower in
roup S at baseline, and did not change during adenosine,
hereas in group R, RP decreased significantly (Fig. 4). We
bserved a significant correlation between the changes of
P and of the collateral pathway resistance (RCP) (r  0.80;
 0.001). The former decreased with adenosine in all but
ne patient of group R, but there were also 44% in group S
ristics of Patients With CTOs and Presence
up S Group R p Value
6 19
0.7 1.6  0.8 0.008
8/30 74/5/21 0.69
1 0 0.007
2 63 0.91
5 32 0.83
4 32 0.14
1.18 0.75  1.01 0.04
12 3  5 0.02
18.2 70.5  14.6 0.60
7.2 22.2  7.6 0.41
85 11/89 0.64aracte
Gro
2
2.2 
62/
3
6
3
5
1.47 
11 
67.8 
20.0 
15/ left anterior descending coronary artery; LVEDP left
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July 4, 2006:51–8 Mechanism of Coronary Steal in Manith a decrease of RP. However, in the latter group, all patients
howed an increase of RCP, whereas in group R RCP decreased.
FR in the donor and recipient artery. The CFRR in the
eceiving artery measured after recanalization was always lower
han the CFRD of the donor artery (Table 4). In patients
ithout a significant donor artery lesion (FFRD 0.80),
oronary steal was associated with a trend toward a lower
FRR, and a significantly higher basal APV after recanaliza-
ion, whereas the CFRD was similar compared with that in
atients without steal.
atients without a significant change of collateral flow
elocity during adenosine infusion. These 11 patients,
ot included in the above analysis, were characterized by an
able 3. Collateral Flow, Pressure, and Resistance Indexes in CT
Group S (n  26)
Baseline Adenosine
PVOccl (cm/s) 14.6  7.2 8.8  4.6
ystolic APVOccl (cm/s) 16.1  11.6 10.0  7.1
iastolic APVOccl (cm/s) 13.3  7.4 7.4  4.9
Ao mean (mm Hg) 103  14 93  14
Occl mean (mm Hg) 46  10 31  8
RA mean (mm Hg) 7  4 8  5
D mean (mm Hg) 86  18 71  20
FRD (no unit) 0.78  0.13
PD (mm Hg) 14  11 20  11
PC (mm Hg) 42  18 41  22
D (mm Hg · cm
1 · s1) 1.31  1.30 3.00  3.00
C (mm Hg · cm
1 · s1) 3.79  2.84 6.48  5.18
CP (mm Hg · cm
1 · s1) 5.02  3.24 9.48  5.91
P (mm Hg · cm
1 · s1) 3.80  1.86 4.60  3.12
eart rate (beats/min) 68  11 74  14
Values for changes within groups; differences between group S and R are marked
APVOccl  average peak velocity distal to the occlusion; CTO  chronic total co
AO  mean aortic pressure; PD  pressure in the donor artery at collateral takeoff
ollateral resistance index; RCP collateral pathway resistance index; RD donor arte
rop along the collateral; PD  pressure drop between ostium and collateral take o
igure 3. Distribution of fractional flow reserve (FFR) measured in the
onor artery at collateral takeoff in patients with (group S) and without
oronary steal (group R). The cutoff of 0.75 is indicated by the horizontall
ine, but a grey zone up to 0.80 is accepted to indicate a hemodynamically
ignificant stenosis.FRD of 0.84  0.17, lower than in patients without steal,
ut higher than in those with steal. Their various resistance
ndexes at baseline lay between the two other groups, but
howed no significant change during adenosine.
ISCUSSION
e applied an invasive hemodynamic assessment of the
ollateral circulation during systemic adenosine infusion in
atients with a CTO to study the phenomenon of coronary
teal. With this approach, we could confirm in man the
ssumptions on the prerequisite hemodynamic characteris-
ics required for coronary steal as formulated by Gould et al.
6,7,10): a considerable resistance of the collateral channels,
nd the combination of either a hemodynamically relevant
onor artery lesion before collateral takeoff and/or an
mpaired microvascular response to a vasodilator stimulus.
xperimental models of coronary collateral steal. Coro-
ary steal was first studied experimentally in animal models,
nd a dispute arose whether a donor artery stenosis was
andatory (4) or not (2,3,5). The extension of the animal
ata to man is hampered by the species differences in the
mount of preformed collaterals and collateral development
28,29). Furthermore, the manipulations in these experi-
ental studies themselves posed several limitations to the
nterpretation of the data (5), and the extension to human
athophysiology. Still, the experimental data suggested that
pressure drop before the collateral takeoff was the main
eterminant of steal in the presence of a maximally dilated
schemic microcirculation distal to the occlusion without a
asodilatory reserve (4,5,30). Our data clearly show that in
an this is not uniformly observed in patients with CTOs,
nd that a preserved vasodilatory reserve of the microcircu-
efore and After Adenosine Infusion
Group R (n  19)
p Value Baseline Adenosine p Value
0.001 11.5  5.0 19.1  8.1* 0.001
0.001 11.5  8.5 20.2  12.3† 0.001
0.001 11.2  4.5 18.0  8.7* 0.001
0.001 101  10 95  17 0.04
0.001 50  12 39  9† 0.001
0.19 9  6 9  6 0.66
0.001 92  16 80  19 0.007
0.90  0.09*
0.001 8  15 8  9* 0.94
0.61 45  15 42  18 0.28
0.001 0.53  0.56‡ 0.90  0.90† 0.073
0.001 4.81  2.86 2.64  1.56† 0.001
0.001 5.34  2.91 3.53  1.88* 0.001
0.08 4.96  2.21 2.42  1.23* 0.001
0.01 64  9 72  11 0.004
0.001; †p  0.01; ‡p  0.05.
occlusion; FFRD  fractional flow reserve in the donor artery at collateral takeoff;
l  mean pressure distal to the occlusion; PRA  mean right atrial pressure; RC 
cardial resistance index; Rn peripheral myocardial resistance index; PC pressure
he donor artery.O B
as *p 
ronary
; POccation may prevent coronary steal.
o
o
d
t
C
o
t
h
p
C
d
r
c
p
c
t
h
s
s
F
a en sy
T
a
C
A
D
R
B
P
D
R
B
A
r
56 Werner et al. JACC Vol. 48, No. 1, 2006
Mechanism of Coronary Steal in Man July 4, 2006:51–8Previous studies in man evaluating the effect of adenosine
n collaterals were carried out during a brief balloon
cclusion with acute ischemia (24,25,31,32). These studies
epend on acute collateral recruitment and do not simulate
igure 4. Changes of donor artery resistance (RD), collateral resistance (RC
denosine infusion in group S (A, black symbols) and in group R (B, op
able 4. Coronary Flow Velocity Measurements in the Donor
nd Recipient Coronary in Patients With and Without
oronary Steal
Group S Group R p Value
ll patients 26 19
onor artery CFR (no unit) 2.41  1.43 2.97  1.89 0.36
ecipient artery CFR (no unit) 2.08  0.58 2.37  0.83 0.19
aseline APV (cm/s) 34.0  14.2 27.7  12.2 0.14
atients with FFR  0.8 14 12
onor artery CFR (no unit) 2.85  1.80 2.69  1.34 0.83
ecipient artery CFR (no unit) 2.02  0.54 2.42  0.94 0.22
aseline APV (cm/s) 32.5  12.2 23.4  9.6 0.052
PV  average peak velocity; CFR  coronary flow reserve; FFR  fractional flow
eserve.he stable condition in the collateral circulation distal to a
TO. We could demonstrate previously that collateral steal
ccurs in about one-third of patients with a CTO (14). In
he present study, the proportion of patients with steal was
igher due to the intended exclusion of patients with a low
robability of steal based on these previous findings.
ontribution of epicardial donor artery resistance. We also
emonstrated previously that the total collateral pathway
esistance as the sum of the epicardial donor artery and the
ollateral resistance responded differently to adenosine in
atients with and without steal (14). Now we could dis-
riminate the influence of the epicardial donor artery resis-
ance before collateral takeoff, which was significantly
igher during hyperemia in patients with steal than without
teal, reflected by a lower FFRD in the donor artery. As a
ingular collateral pathway is observed in only about 10% to
lateral pathway resistance (RCP), and microvascular resistance (RP) during
mbols). For statistical evaluation see Table 3.), col0% of patients (14), we pre-selected patients with one
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July 4, 2006:51–8 Mechanism of Coronary Steal in Manredominant pathway location, as the collateral connection
ith the largest diameter will carry the principal blood
upply to the occluded site due to the exponential relation
etween diameter and resistance (33). But co-existing ad-
itional connections might lead to an underestimation of
he influence of the donor artery resistance on coronary
teal. A donor artery lesion was detected by angiographic
ssessment slightly more often in patients with coronary
teal, but even without such a visible lesion, the FFRD was
till lower in patients with steal. This is in accordance with
he observation that angiography is inferior to hemody-
amic measurements to detect the presence and effect of
iffuse atherosclerosis (34,35). Patients with steal seem to be
haracterized by more extensive and diffuse atherosclerosis.
ontribution of collateral artery resistance. The change
n pressure gradient along the collateral pathway during
yperemia between both groups occurred within the donor
rtery segment, whereas the gradient along the collateral
roper remained unchanged. Due to the differential changes
n APVOccl during hyperemia, the resulting collateral resis-
ance index (RC) increased in patients with steal, and
ecreased without steal. The absolute values of collateral
esistance were 3- to 10-fold higher than the donor artery
esistance, confirming the second postulate of Gould (10)
hat a high collateral resistance is mandatory for coronary
teal to occur. This is also underlined by our previous finding
hat patients with angiographically large collateral connections
nd a very low collateral resistance showed no coronary steal
14).
ontribution of microvascular vasodilatory response. We
ypothesized that a balance between changes of collateral
athway and microvascular resistance would determine
hether coronary steal occurred during hyperemia. This
ould explain why a considerable overlap between the
FRD was observed in both groups, and why steal occurred
n some patients despite a high FFRD. The microvascular
esistance decreased only in patients without steal during
denosine infusion, as a residual vasodilator reserve may
ave prevented the complete redistribution of flow during
yperemia. In contrast, in patients with steal, the lack of a
asodilator reserve in the recipient myocardial area could not
ompensate for the increase of flow in the donor artery. This
ontribution of the microvascular function was supported by
he difference in baseline APV and CFRR after recanaliza-
ion observed in patients without a significantly decreased
FRD in the donor artery.
We observed a more pronounced regional myocardial
ysfunction by quantitative LV analysis in patients with
oronary steal. This association could explain the microvas-
ular dysfunction in patients with steal. But one may also
peculate that this could be the consequence of coronary
teal, and that steal may be responsible for why some
atients with a CTO without a clinical myocardial infarc-
ion have a well-preserved regional function, and some do
ot (9).tudy limitations. Our approach of measuring collateral
ow velocity and pressure in CTOs is different from
revious studies during brief balloon occlusion of nonocclu-
ive lesions (24,25,31,32). We had previously shown that
ven short periods of antegrade flow will affect collateral
unction (21). Therefore, specific care was taken that no
ntegrade flow occurred after the advancement of the wire
nd support catheter. Patients in whom this was not
scertained had been excluded.
Flow velocity and pressure recorded distal to an occlusion
re approximations of collateral function as they assess only
hat part of collateral perfusion that reaches the occluded
picardial artery segment. While pressure recordings distal
o the occlusion are not influenced by variations in sensor
osition, Doppler recordings may vary. Therefore, we took
reat care in positioning the sensor to minimize the influ-
nce of heart motion or breathing, and we started the
denosine infusion with the sensor in such a stable position.
he absolute values of the Doppler-derived parameters
ould be susceptible to variations in position, but as we
easured intraindividual changes, the conclusions from our
ndings remain valid.
Aside from the measured hemodynamic variables within
he collateral circulation, the zero-flow pressure is a further
eterminant of coronary supply (36,37). It might be influ-
nced by adenosine and contribute to the observed differ-
nces between patients with and without steal.
linical implications. Coronary steal is a frequent phe-
omenon in patients with a CTO, especially with multives-
el disease. We could establish the dominant role of the
picardial donor artery resistance for coronary steal, but due
o the presence of diffuse atherosclerosis it is also observed
ithout an angiographically visible donor artery stenosis.
urthermore, the vasodilatory reserve of the microcircula-
ion also contributes to the occurrence of coronary steal and
ay cause steal even without a donor artery stenosis. The
ore severe regional LV dysfunction in patients with
oronary steal suggests a possible adverse influence of steal
n the capacity of the collateral circulation to maintain
yocardial function.
eprint requests and correspondence: Prof. Dr. Gerald S.
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